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Abstract
It is described a nonlocal interaction between entangled quantum objects, which is
initiated by a process different from the reduction of the wave function. The scheme of
an experiment realizing a deterministic nonlocal quantum evolution is proposed. In the
case of the negative result of the experiment, the universal character of the integral wave
equation with a kernel in the form of a path integral is questionable, otherwise faster-
then-light communication is possible.
Keywords: nonlinear evolution, path integral, quantum nonlocality, faster-than-light
communication, open quantum systems.
A local influence on a composite quantum system generates the wave function trans-
formation in whole space simultaneously. Such a possibility was taken as a paradox contra-
dicting the special relativity [1]. However, the algorithm proposed by Bell for the analysis
of this paradox [2] confirmed the existence of a specific nonlocal interaction between parts
of entangled quantum systems [3, 4, 5]. Since until now all the nonlocal effects were ap-
peared in the form of nonlocal quantum correlations of probabilities, efforts to remove the
contradiction were reduced to the proof of the impossibility of faster-than-light communi-
cation [6, 7, 8], in consequence of the stochastic nature of the collapse. The corresponding
theorem have been formulated [9].
In order to overcome the difficulties associated with the stochastic form of single results
of nonlinear evolution for realizing faster-then-light communication in[10], it was suggested
to use a nonlinear quantum evolution that differs from the von Neumann reduction and
has a deterministic result. The possibility of such processes is the direct consequence of
the integral wave equation with the kernel in the form of a path integral. The existence
of these processes is obvious from the differential equation for reduced density matrix of
an open system[11]. The indirect experimental evidence of this hypothesis is represented
in[12].
The basis for a nonlocal interaction is the possibility of a local effect on an open sys-
tem, provided the measure of the wave function is conserved, which ensures simultaneous
conversion of the wave function throughout space1. Entangled quantum systems are most
suitable for such experiments because of their large size and convenience of changing the
potential energy of system’s individual components. In order to increase the size of the
composite system, we introduce into the quantum system a coherent photons ensemble.
Consider N identical particles (further simply atoms), each of which is in the same
state of coherent superposition of four excited stationary states (see the figure). Atoms
from the ground state are excited to the intermediate state |I〉. Then a irreversible tran-
sition generates the state |2〉. The coherent superposition c2|2〉 + c4|4〉 is created by the
1This transformation cannot be reduced to the Sro¨dinger evolution and the corresponding time is usually
negligible small compare with the time of the wave function formation determined by the characteristic time of
motion along the virtual paths
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 external coherent radiation. The system is inserted in the resonator having the resonator
frequencies ωa and ωb, which coincide with the frequencies of atomic transitions ω21 and
ω43. The interaction between the excited atoms and the resonator electromagnetic fields
forms the coherent states c1|1〉 + c2|2〉 + c3|3〉 + c4|4〉 (all decoherence processes are ne-
glected) of the atoms. Since the photons of the resonator modes are emitted by the atoms
of the system, they are in entangled states with the emitting atomic electrons. Indeed, the
initial wave function of a single atom and corresponding electromagnetic field Ψt′(q
′, a′)
(where q′, a′ is, respectively, the variables of the excited atom and the vector poten-
tial amplitude of the electromagnetic field emitted by this atom at the initial time t′) is
transformed in accordance with the integral wave equation [13]
Ψt(q, aa, ab) =
∫ ∫
Kt,t′(q, q
′, a, a′)Ψt′(q′, a′) dq′da′ =
=
∫ ∫
K22(q, q
′, a, a′)c2(t′)Ψ2(q′)Φ0(a′) dq′da′+
+
∫ ∫
K21(q, q
′, a, a′)c2(t′)Ψ2(q′)Φ0(a′) dq′da′+
+
∫ ∫
K44(q, q
′, a, a′)c4(t′)Ψ4(q′)Φ0(a′) dq′da′+
+
∫ ∫
K43(q, q
′, a, a′)c4(t′)Ψ4(q′)Φ0(a′) dq′da′,
where c1(t
′) = c3(t′) = 0; the transitions corresponding to K22 and K44 do not change the
state of the system; the amplitudes K21 and K43 are determined by the path integrals [14]
in the forms
K21 =
∫ ∫ (
exp
i
h¯
(
Sp[q(t)] + Sf [aa(t)] + Sint[aa(t), q(t)]
))
[dq(t)][daa(t)],
K43 =
∫ ∫ (
exp
i
h¯
(
Sp[q(t)] + Sf [aa(t)] + Sint[ab(t), q(t)]
))
[dq(t)][dab(t)],
where Sp[q(t)], Sf [a(t)], Sint[q(t), a(t)] are the actions of the electron, field and interaction
of the electron with the field, respectively; the vector potential amplitudes subscripts
indicate the resonator mode. The actions Sint[q(t), a(t)] depends both on the electron and
on the field variables, which does not allow us to factorize the corresponding transitions
amplitudes. Thus we have the entangled state of the electrons and the electromagnetic
fields.
Let us neglect the radiation losses. Then for the wave function of the entangled state
of an excited electron and the electromagnetic field radiated by this electron, we have
Ψj(qj , aja, a
j
b, t) =
4∑
l=1
cjl (t)Ψl(q
j , t)Φal(a
j
a, t)Φbl(a
j
b, t). (1)
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The index j identifies the atomic electron and the electromagnetic field radiated by it,
the index l— the stationary state of the atom. The wave functions of the field oscillators
in the (1) correspond to the electronic states of the atoms
Φal =
{
Φ0a if l = 2, l = 3, l = 4.
Φ1a if l = 1,
Φbl =
{
Φ0b if l = 1, l = 2, l = 4,
Φ1b if l = 3
where Φ0a, Φ
1
a are the wave functions of the vacuum and single-photon states of the oscil-
lator a; Φ0b , Φ
1
b are the analogous wave functions of the oscillator b. The wave function of
all electron-photon pairs that do not interact with each other will have the form
Ψ(q1...qN , a1a, ..., a
N
a , a
1
b , ..., a
N
b , t) =
N∏
j=1
Ψj(qj , aja, a
j
b, t). (2)
The norm of the wave function (2) is determined by the coefficients cjl in (1). If the atoms
are uniformly excited in space, then the moduli of the expansion coefficients are the same
for all atoms, and for the normalization expression, we have∫
· · ·
∫ ∣∣∣∣Ψt(q1...qNa1a, ..., aNa , a1b , ..., aNb )∣∣∣∣2 dq1 · · · dqN da1a · · · daNa da1b · · · daNb =
=
(
4∑
l=1
|cl(t)|2
)N
=
∑
n1,n2,n3,n4
n1+n2+n3+n4=N
n1,n2,n3,n4>0
N !
n1!n2!n1!n2!
|c1|2n1 |c2|2n2 |c3|2n3 |c4|2n4 = 1,
where n1, n2, n3, n4 are the occupation numbers of stationary states. Using Stirling’s
approximation and introducing the notations Xl =
nl
N , for the probabilities of the states
having different occupation numbers, we obtain
P (n1, n2, n3, n4) ∼
(( |c1|2
X1
)X1( |c2|2
X2
)X2( |c3|2
X3
)X3( |c4|2
X4
)X4)N
. (3)
In the case of a macroscopic number of atoms of the system, this dependence is not
zero in an exceptionally narrow range of occupation numbers, in the vicinity of values
that correspond to the maximum probability. Thus, the occupation numbers are almost
exactly determined by the moduli of the coefficients of the expansion of the wave function
of a single atom.
Let us consider a single atom located in the radiation field of other system atoms. The
expansion coefficients in (1) can be obtained using the perturbation theory in integral
form [13]. The unperturbed action for the virtual path of an electron in an atom is assumed
to be independent on the resonator field. Then the electromagnetic field is considered as
a minor term in the action expansion
Sjint =
∫ N∑
k=1
k 6=j
U jkintdt =
e
c
t∫
t′
Aj q˙j dt,
where the indices j, k identify the atoms of the ensemble; Sjint is the perturbing part of
the action functional for the path of the particle j; U jkint is the interaction energy between
the excited electrons of the atoms j and k; Aj is the value of the vector potential of
the radiation field in the region of the location of the atom j. For perturbation theory it
3
is necessary that Sint << h¯. Corresponding choice of the time interval can provide this
condition. For the expansion coefficients we have
cn(t) =
4∑
m=1
λnmcm(t
′),
where the first order transition amplitude is determined by the expression
λnm = δnmexp
i
h¯
Em(t− t′) + λ(1)nm.
The first order correction λ
(1)
nm has the form [13]:
λ(1)jnm = −
i
h¯
t∫
t′
(∫
ψ∗m
∑
k
U jkψndq
)
exp
i
h¯
(
En(t
′′ − t)− Em(t′′ − t′)
)
dt′′ =
= − i
h¯
∫
U jnmexp
i
h¯
(
En(t
′′ − t)− Em(t′′ − t′)
)
dt′′,
where U jnm =
t∫
t′
ψ∗jm
∑
k U
jkψjndq is the matrix element of the interaction energy of the
atom j with other atoms of the system. Then for the first corrections to the amplitudes
of the transitions we have
|λ(1)j12 | = |λ(1)j21 | =
1
h¯
∣∣U j12∣∣(t− t′) = 1h¯c ∣∣aaJ12∣∣(t− t′),
|λ(1)j34 | = |λ(1)j43 | =
1
h¯
∣∣U j34∣∣(t− t′) = 1h¯c ∣∣abJ34∣∣(t− t′).
The matrix elements J12 and J34 characterize the properties of the transitions in atoms
with respect to the interaction with radiation in the resonator; the vector potential am-
plitudes aa, ab is considered as quantities averaged over the wavelength of the radiation,
which results in the corresponding averaging of the occupation numbers. For the time
dependence of the absolute value of the expansion coefficients, we obtain
|cj1(t)|2 = |cj1(t′)|2 + |λ(1)j12 |2|c2(t′)|2,
|cj2(t)|2 = |cj2(t′)|2 + |λ(1)j21 |2|c1(t′)|2,
|cj3(t)|2 = |cj3(t′)|2 + |λ(1)j34 |2|c4(t′)|2,
|cj4(t)|2 = |cj4(t′)|2 + |λ(1)j43 |2|c3(t′)|2.
The first and last equations show that the absolute values of the states occupation numbers
take on a stationary values
|c1(t)|2 = |c2(t)|2
|c3(t)|2 = |c4(t)|2. (4)
Then, from the normalization of the wave function, we obtain
|c1|2 + |c2|2 + |c3|2 + |c4|2 = 1
Taking into account (3), we have
|ca|2
|cb|2 =
|λ(1)12 |2
|λ(1)34 |2
=
|Ua|2
|Ub|2 =
|aaJ12|2
|abJ34|2 =
n1
n3
, (5)
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where Ua, Ub are the matrix elements of the interaction energy of an atom with the field
oscillators a and b; ca = c1 = c2, cb = c3 = c4. From (1), (4), (5) we obtain
N∏
j=1
(
c1√
2
(
Ψj1Φ
1
a + Ψ
j
2Φ
0
a
)
Φ0b +
c3√
2
(
Ψj3Φ
1
b + Ψ
j
4Φ
0
b
)
Φ0a
)
=
=
N∏
j=1
(
c1Ψ
j
a + c3Ψ
j
b
)
, (6)
where the states Ψja and Ψ
j
b are the wave functions of the stationary entangled states of
the j -th atom and the electromagnetic field emitted by it.
The ratio of the occupation numbers n1n3 is determined by the excitation conditions of
the atoms and can be initially arbitrary. On the other hand, in accordance with (5) it is in
a single-valued correspondence with the ratio |aa||ab| . Then, if the external influence changes
the value n1n3 in a local volume of space, then the ratio
|aa|
|ab| changes and, therefore, the
value n1n3 changes simultaneously in whole space. If the intensity and the rate of increase in
the external influence is quite high, then for a sufficiently large spatial size of the system,
we can register the response to the external action faster than velocity of light.
Let the quantum oscillator pulse having the frequency ωΩ = ω24 affect on the macro-
scopic subsystem A. Let M be the number of atoms in the subsystem. Suppose that the
intensity of this pulse is high to consider na = nb for the subsystem A. Then for atoms in
the rest space (that are not affected by the quantum oscillator pulse), we have
na
nb
=
|ca|2
|cb|2 =
∣∣U ja∣∣2∣∣U jb ∣∣2 =
∣∣∣∣∣apaJ12apbJ34 (N −M)
n
(0)
a
N +
1
2 M
(N −M)n
(0)
b
N +
1
2 M
∣∣∣∣∣
2
, (7)
where apa, a
p
b are the amplitudes of the vector potentials of single photons. The expres-
sion (7) determines the limit ratio of the occupation numbers of states of the subsystem
B after the external influence. In general, it differs from the initial one.
This experiment is not only important from point of view of faster-then-light commu-
nication. In the case of the negative result of the experiment, the universal character of
the integral wave equation is questionable. In this case, the evolution of the wave function
due to a change in the weight of subsets of virtual paths [11] is absent, and the integral
evolution law becomes equivalent to the Schro¨dinger equation describing linear local pro-
cesses. A positive result indicates the presence of nonlocal nonlinear quantum processes,
other than the reduction of the wave function in the measurement. In this case, many
processes in open quantum systems, such as the nonlocal interaction of entangled quan-
tum objects, transitions between stationary states of quantum systems under external
action, decoherence, collapse of the wave function, etc., represent a class of the quantum
phenomena united by the common evolution mechanism, different from the Schrodinger
evolution. In addition, the deterministic nature of nonlinear quantum evolution attaches
an epistemic nature of quantum probability [10].
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